The rates of evolution of the proteins of any organism vary across orders of magnitude. A primary factor influencing rates of protein evolution is expression. A strong negative correlation between expression levels and evolutionary rates (the socalled E-R anticorrelation) has been observed in virtually all studied organisms. This effect is currently attributed to the abundance-dependent fitness costs of misfolding and unspecific protein-protein interactions, among other factors. Secreted proteins are folded in the endoplasmic reticulum, a compartment where chaperones, folding catalysts, and stringent quality control mechanisms promote their correct folding and may reduce the fitness costs of misfolding. In addition, confinement of secreted proteins to the extracellular space may reduce misinteractions and their deleterious effects. We hypothesize that each of these factors (the secretory pathway quality control and extracellular location) may reduce the strength of the E-R anticorrelation. Indeed, here we show that among human proteins that are secreted to the extracellular space, rates of evolution do not correlate with protein abundances. This trend is robust to controlling for several potentially confounding factors and is also observed when analyzing protein abundance data for 6 human tissues. In addition, analysis of mRNA abundance data for 32 human tissues shows that the E-R correlation is always less negative, and sometimes nonsignificant, in secreted proteins. Similar observations were made in Caenorhabditis elegans and in Escherichia coli, and to a lesser extent in Drosophila melanogaster, Saccharomyces cerevisiae and Arabidopsis thaliana. Our observations contribute to understand the causes of the E-R anticorrelation.
Introduction
The rates of evolution of the proteins of any organism differ by orders of magnitude: whereas certain proteins remain virtually unaltered over long evolutionary periods, others can quickly accumulate a substantial number of amino acid replacements (Zuckerkandl and Pauling 1965; Li et al. 1985) . Rates of protein evolution are commonly used to detect natural selection and infer the functional importance of different proteins and protein regions, to construct phylogenetic trees, find orthologs among different species, etc., and understanding the reasons behind proteins' disparate rates of evolution is a central aim of modern evolutionary biology. The neutral theory of molecular evolution (Kimura 1968 (Kimura , 1983 predicts that highly important proteins should evolve slowly owing to increased selective constraints (Kimura and Ohta 1974) . At the turn of the 21st century, as large sequence and functional genomic datasets became available, scientists discovered a long list of factors that correlate with rates of protein evolution, including expression level, expression breadth, function, subcellular location, number of protein-protein interactions, etc. (for review, see P al et al. 2006; Rocha 2006; Alvarez-Ponce 2014; Zhang and Yang 2015) .
Intriguingly, gene expression seems to be the main correlate of rates of protein evolution. Highly expressed genes often encode slow-evolving proteins, a trend known as the Expression-Rate (E-R) anticorrelation. First described in yeasts (P al et al. 2001) , this anticorrelation has been found in virtually all organisms in which it has been investigated, from viruses to mammals (Krylov et al. 2003; Rocha and Danchin 2004; Drummond et al. 2005 Drummond et al. , 2006 Drummond and Wilke 2008; Pag an et al. 2012; Zhang and Yang 2015) . Analyses in yeasts indicate that gene expression level may explain up to 34% of the variability of rates of protein evolution (P al et al. 2001) , and that a composite variable combining mRNA abundance, protein abundance and Codon Adaptation Index (CAI, which is often used as a surrogate for expression level) accounts for 41% of the variability of rates of evolution .
A number of plausible hypotheses have been proposed to explain the E-R anticorrelation. First, the translational robustness hypothesis (Drummond et al. 2005; Wilke and Drummond 2006; Drummond and Wilke 2008) postulates that proteins are under selective pressures to maintain structures that are able to fold into their correct native conformation despite some translation errors, since misfolded proteins are costly to refold or degrade and resynthesize, and can even aggregate and become cytotoxic. Translation errors occur at a rate of $5 misincorporated amino acids per 10,000 translated codons (Parker 1989; Drummond and Wilke 2009) , which means that $20% of average-length yeast proteins contain at least one error. Highly expressed proteins would experience increased selective pressures to remain robust to translation errors-as the costs of misfolding are proportional to the rate of translation-which would make them highly conserved during evolution. This hypothesis has been expanded to include the effect of misfolding in the absence of translation errors, giving rise to a second hypothesis, the protein misfolding avoidance hypothesis . The main tenet of a third hypothesis, the protein misinteraction avoidance hypothesis (Levy et al. 2012; Yang et al. 2012) , is that selection would be strong against changes in protein surfaces to avoid protein-protein misinteractions. Selective constrains in this manner would be stronger in more abundant proteins, which could competitively interfere and nonspecifically interact with more proteins. Last, the mRNA folding requirement hypothesis (Park et al. 2013 ) posits that part of the E-R anticorrelation results from the requirement of highly abundant mRNAs to fold strongly. These hypotheses are not necessarily mutually exclusive, and each of them may explain part of the E-R anticorrelation. In particular, the protein misinteraction avoidance hypothesis may mostly explain the constraints on surface residues that come into contact with other molecules, whereas the translational robustness hypothesis may be more relevant to explain the evolutionary rate variability of structurally important core residues (Yang et al. 2012) .
Building upon these hypotheses, we raise the question whether the selective pressures underlying the E-R anticorrelation are universal to all proteins, or whether there may exist classes of proteins in which such pressures (and hence the E-R anticorrelation) are relaxed. Eukaryotic cells have evolved complex mechanisms to promote and survey protein folding and deal with misfolded proteins in the endoplasmic reticulum, which specifically target secreted and membrane proteins. Newly synthesized secreted and membrane proteins are targeted to the endoplasmic reticulum. In the course of being translocated into this compartment, the nascent polypeptides encounter a unique environment where chaperones and folding enzymes recognize un/misfolded proteins and assist with their folding or degradation (Braakman and Hebert 2013) in a manner similar to their cytosolic counterparts (Buchberger et al. 2010 ). In addition, proteins translocated into the endoplasmic reticulum are subject to quality control of folding and maturation that prevent the exit of misfolded or aberrant proteins to their sites of function, ensuring that they remain in an environment suitable for their folding and maturation (Anelli and Sitia 2008) . For instance, many secreted proteins are modified by N-linked glycosylation and/or acquire disulfide bonds, modifications that influence their stability and contribute to their native fold by highly interdependent quality control systems (Braakman and Hebert 2013) . Finally, if misfolded proteins accumulate in the endoplasmic reticulum due to high secretory load, stress, or mutations that prevent proper folding, a highly efficient unfolded protein response (UPR) elicits a signaling cascade aimed at eliminating the misfolded proteins. In animals, the UPR promotes a coordinated adaptive response that expands the endoplasmic reticulum's folding and degradative capacity, leads to selective degradation of mRNAs encoding reticulum-translocating proteins, and attenuates general translation (Walter and Ron 2011) . If these measures are not sufficient to eliminate the misfolded proteins, UPR activation may lead to cell death.
Together, the endoplasmic reticulum quality control systems and the UPR are expected to decrease the rate of misfolding and the fitness costs associated with misfolding of secreted proteins, probably making the translational robustness hypothesis and the protein misfolding avoidance hypothesis less applicable to this class of proteins. In addition, once secreted proteins enter the extracellular environment, which often exhibits a lower concentration and diversity of proteins (Yerbury et al. 2005) , it is relatively unlikely that they engage in misinteraction, and if misinteraction occurs its effects are expected to be milder compared with misinteraction in the intracellular space; we therefore hypothesize that the protein misinteraction avoidance hypothesis may also be less pertinent to secreted proteins than to nonsecreted ones. As a consequence, we expect a weaker E-R anticorrelation among secreted proteins than among nonsecreted ones.
To test this hypothesis, we computed rates of protein evolution in various organisms, and measured the E-R anticorrelation separately among secreted and nonsecreted proteins. In humans, nonsecreted proteins exhibit a strong E-R anticorrelation, whereas secreted proteins do not exhibit a significant correlation. The trend is independent of several potential confounding factors. Similar results were obtained in Caenorhabditis elegans and Escherichia coli, and to a lesser extent in Drosophila melanogaster, Saccharomyces cerevisiae, and Arabidopsis thaliana. In all studied organisms, the E-R anticorrelation is stronger among nonsecreted proteins than among secreted ones.
Results

The Evolutionary Rate of Human Secreted Proteins Does Not Depend on Expression Level
For each human gene, the most likely ortholog in the mouse genome was identified, and the rate of evolution of the encoded protein was estimated from the nonsynonymous to synonymous divergence ratio (x ¼ d N /d S ). Mouse orthologs were identified for 16,581 human genes. For each of these genes, whole-body protein abundance data were obtained from the PaxDB database (Wang et al. 2012) . Whole-body abundances were estimated by combining protein abundance datasets corresponding to different tissues (Wang et al. 2012) . Consistent with previous results (P al et al. 2001; Krylov et al. 2003; Rocha and Danchin 2004; Drummond et al. 2005 Drummond et al. , 2006 Drummond and Wilke 2008; Pag an et al. 2012; Zhang and Yang 2015) , x correlates negatively with protein abundance (Spearman's rank correlation coefficient, q ¼ À0.204,
). Throughout this article, we first present results for protein abundance data obtained from a consistent source database for all species analyzed (Wang et al. 2012) ; we then show that our results are consistent when using mRNA abundance to measure gene expression from species-specific databases (see Materials and Methods).
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We classified human protein-coding genes as secreted (if at least one of the encoded proteins were known or predicted to be secreted according to the MetazSecKB database; Meinken et al. 2015) (N ¼ 2,279) or nonsecreted (otherwise, N ¼ 13,567). We observed striking differences in the correlation between x and protein abundance when we analyzed the subsets of secreted and nonsecreted proteins separately (supplementary table S1 , Supplementary Material online, fig. 1 ). A significant E-R anticorrelation was observed for nonsecreted proteins (q ¼ À0.259, P ¼ 4.56 Â 10 À181 ), but not for secreted proteins (q ¼ 0.038, P ¼ 0.084; sup plementary table S1, Supplementary Material online). The differences between the secreted and nonsecreted protein correlations were highly significant (Fisher r-to-z transformation, Z ¼ À13.43, P < 0.0001).
Since protein abundances are expected to have changed to some extent since the divergence of humans and mice, we repeated our analyses using human-specific evolutionary rates, which we computed using the cow genome as outgroup. We continued to observe a significant negative correlation for nonsecreted proteins (q ¼ À0.234, P ¼ 2.87 Â 10
À137
) whereas we observed a slightly positive correlation among secreted proteins (q ¼ 0.080, P ¼ 5.39 Â 10
À4
; Z ¼ À12.72, P < 0.0001; supplementary table S2, Supplementary Material online).
The observed differences in E-R anticorrelations hold true when classifying proteins as secreted or nonsecreted using another three alternative databases (supplementary table S1, Supplementary Material online). In all three cases, nonsecreted proteins exhibited a significantly negative E-R correlation, whereas secreted proteins exhibited positive E-R correlations (significant in two cases; supplementary table S1, Supplementary Material online).
In order to evaluate the consistency of our observations across different tissues, we next investigated the correlation between x and protein abundance within six individual human tissues/organs (supplementary table S3, Supplementary Material online, fig. 2 ). Among the nonsecreted protein class, the correlation was negative in all six tissues (significant in four). Among secreted proteins, the correlation was positive in four tissues and negative in the other two, and nonsignificant in all cases. This was also observed when using human-specific evolutionary rates (supplementary table S2, Supplementary Material online). Consistent results were obtained when we considered the correlation between x and mRNA abundances in 32 human tissues/ organs. In all 32 tissues, the correlation was significantly negative for the nonsecreted protein class ( fig. 3 ). For the secreted protein class, the correlation was negative for 26 tissues (significant in 17) and positive in 6 tissues (significant in 1). For all 32 tissues, the correlation was always more positive (or less negative) for secreted proteins than for nonsecreted proteins (supplementary table S3 We considered the possibility that the differences between the E-R anticorrelation of secreted and nonsecreted proteins might be a by-product of confounding factors. Potentially confounding factors include those that (1) differ between secreted and nonsecreted proteins, and (2) affect the strength of the E-R anticorrelation. We evaluated the potential effects of a number of factors known to correlate with x, including gene expression level and breadth, gene essentiality, protein length, codon usage bias, mRNA secondary structure folding strength, gene duplication, gene conservation, positive selection, presence of disulfide bonds and N-linked glycosylation, protein functional and structural categories, and protein folding stability.
Gene expression level and breadth seem to be the main determinants of rates of protein evolution (P al et al. 2001; Drummond et al. 2005 Drummond et al. , 2006 Ingvarsson 2007; Park and Choi 2010) , thus raising the potential that these factors may be behind the different E-R anticorrelations observed between secreted and nonsecreted proteins. We did not observe significant differences in protein abundance levels between secreted and nonsecreted proteins (Wilcoxon rank sums test, Z ¼ 1.75, P ¼ 0.080), and thus we discarded expression level as a confounding factor. We did however observe significant differences in expression breadth (defined as the number of tissues in which a gene is expressed), with nonsecreted proteins being more likely to be expressed in a greater number of tissues (Z ¼ À5.84, P ¼ 5.4 Â 10 À9 ), and a negative correlation between expression breadth and rates of evolution (q ¼ À0.180, P ¼ 6 Â 10
À121
). In order to discard expression breadth as a confounding factor, we divided the dataset into two classes, proteins expressed in one to two tissues and proteins expressed in three to six tissues, and observed that in each of the classes the correlation was significantly weaker among secreted proteins than among nonsecreted ones (sup plementary table S5, Supplementary Material online). We considered a second measure of protein expression breadth, s, which takes a value between 0 (low tissue specificity) and 1 (high tissue specificity) depending on the distribution of protein expression levels across the different tissues (Yanai et al. . In all tissues, the E-R correlations are higher (less negative) for secreted proteins.
FIG. 2.
Correlation between x and protein abundance for secreted and nonsecreted proteins expressed at different human organs/tissues. Although nonsecreted proteins show a strong negative correlation, secreted proteins exhibit weaker correlations. Significant Spearman correlation coefficients are marked with an asterisk. q, Spearman's rank correlation coefficient; ppm, parts per million.
Secreted Proteins Defy the E-R Anticorrelation . doi:10.1093/molbev/msw268 MBE online). We therefore discarded expression breadth as a potential confounding factor. The strength of the correlation between s and x does not differ significantly between secreted and nonsecreted proteins (secreted proteins:
Essential genes tend to evolve slower than nonessential ones (Hurst and Smith 1999; Liao et al. 2006; Luisi et al. 2015; Alvarez-Ponce et al. 2016) . In order to discard essentiality as a confounding factor, we obtained mouse phenotypic data from the Mouse Genome Project (Eppig et al. 2015) . Human genes that had a mouse ortholog with a lethal phenotype were considered essential. We observed that secreted and nonsecreted proteins were equally likely to be encoded by essential genes (Fisher's exact test, P ¼ 0.742), thus allowing us to discard essentiality as a confounding factor.
Furthermore, secreted proteins are shorter (protein length: Z ¼ À9.80, P < 10 À300 ), more likely to use optimal codons (frequency of optimal codons, F op : Z ¼ 13.00, P ¼ 10
À38
; CAI: Z ¼ 8.45, P < 10
À300
) and more likely to have stronger mRNA secondary structures (folding strength:
; minimum free energy [MFE] : Z ¼ 2.04, P ¼ 0.017) than nonsecreted proteins, and protein length, codon bias, and mRNA folding strength correlate with rates of protein evolution Rocha 2006; Park et al. 2013; Alvarez-Ponce 2014) . For each of the three variables, we divided the dataset into three groups (low, intermediate and high, each with roughly the same number of genes) and investigated the differences in the E-R anticorrelations of secreted and nonsecreted proteins within each group (supple mentary table S5, Supplementary Material online). In all cases, the E-R anticorrelation was significantly weaker among secreted proteins, allowing us to discard these factors as potential confounding variables.
Next, we investigated whether gene duplication may be a confounding factor. Secreted proteins were more likely to be encoded by duplicated genes than nonsecreted ones (Fisher's exact test, P ¼ 2.95 Â 10
À8
) and the E-R anticorrelation was weaker among duplicated genes (q ¼ À0.181, P ¼ 2 Â 10 À76 ) compared with nonduplicated genes (q ¼ À0.320,
). However, when we analyzed duplicated and nonduplicated genes separately, we continued to observe that the E-R anticorrelation was significantly weaker among secreted genes (supplementary table S5, Supplementary Material online). Therefore, we concluded that the higher duplicability of genes encoding secreted proteins was not the reason why secreted proteins do not exhibit a significant E-R anticorrelation.
Secreted proteins are known to evolve faster on average than nonsecreted ones (Julenius and Pedersen 2006; Cui et al. 2009; Liao, Weng and Zhang 2010; Nogueira et al. 2012) . To discard the possibility that certain conserved proteins among the nonsecreted class may be driving the E-R anticorrelation in nonsecreted proteins but not in secreted proteins, we investigated the E-R correlation among a subset of nonsecreted proteins with a nearly identical distribution of evolutionary rates to that of the secreted protein class. For each secreted protein, a nonsecreted protein with an identical or very similar x was randomly chosen (either the one immediately up in the ranking, or that immediately down) (median x for secreted proteins: 0.1529; median x for selected nonsecreted proteins: 0.1528; Z ¼ À0.077, P ¼ 0.939). Among this subset of nonsecreted proteins, we continued to observe a strong negative correlation (q ¼ À0.229, P ¼ 6.00 Â 10 À25 , N ¼ 1,973). We performed a scan of positive selection comparing the genomes of 10 mammalian species (see Materials and Methods). Out of the 10,539 genes for which positive selection could be tested (those with orthologs in all 10 genomes), positive selection was inferred in 1,043 (168 when correcting for multiple testing). We found that secreted proteins are more likely to be encoded by genes under positive selection than nonsecreted proteins (fraction of genes under positive selection for secreted and nonsecreted proteins: 13.93% and 9.11%, respectively; Fisher's exact test,
). These differences were less pronounced when correcting for multiple testing (2.19% and 1.48%, respectively; Fisher's exact test, P ¼ 0.06). In addition, we found that, among secreted proteins, those encoded by genes under positive selection are more abundant than those encoded by genes with no signatures of positive selection (Z ¼ 3.97, P ¼ 0.0001; correcting for multiple testing: Z ¼ 2.00, P ¼ 0.046). This observation, together with the fact that positive selection accelerates protein evolution (e.g., Arbiza et al. 2006) , might potentially explain why secreted proteins do not exhibit a significant E-R anticorrelation. Nonetheless, when we removed proteins encoded by genes with signatures of positive selection, we observed that the E-R anticorrelation was still strong for nonsecreted proteins and nonsignificant among secreted proteins (nonsecreted: q ¼ -0.236, P ¼ 3.00 Â 10
À90
; secreted: q ¼ 0.061, P ¼ 0.044; Z ¼ -9.23, P < 0.0001). We therefore discarded positive selection as a confounding factor.
Disulfide bonds are almost exclusive to secreted and membrane proteins (Sevier and Kaiser 2002) , and it has been suggested that proteins with disulfide bonds evolve faster than those with no disulfide bonds (Hegyi and Bork 1997) . It is thus possible that disulfide bonds are behind the differences between secreted and nonsecreted proteins described here. In order to discard this possibility, we repeated our analyses after removing proteins with disulfide bonds. Mirroring our observations for the entire dataset, the E-R anticorrelation was strong for nonsecreted proteins (q ¼ À0.271, P ¼ 2.76 Â 10
À184
) and nonsignificant among secreted proteins (q ¼ À0.015, P ¼ 0.635), which led us to discard the presence of disulfide bonds as the reason for this difference. Likewise, many secreted proteins undergo N-glycosylation, a modification that generally increases their solubility and stability (Shental-Bechor and Levy 2008; Hanson et al. 2009; Lee et al. 2015) and enables a tight control of protein folding (Xu and Ng 2015) . Nonetheless, when we removed proteins with known N-linked glycosylation sites from the secreted protein dataset (N ¼ 533), the E-R anticorrelation remained nonsignificant (q ¼ À0.030, P ¼ 0.170).
We next considered the possibility that the lack of an E-R anticorrelation among secreted proteins might be due to their enrichment in certain functional categories. In order Feyertag et al. . doi:10.1093/molbev/msw268 MBE to discard this possibility, we classified human proteins into 24 different functional categories and investigated the E-R anticorrelation within each category. Among nonsecreted proteins, we observed significant negative correlations in 18 out of the 24 KOG categories, whereas only 3 significant negative correlations were observed among secreted proteins (supplementary table S6, Supplementary Material online). In all three cases, where significant correlations were observed among secreted proteins, correlations were weaker than for nonsecreted proteins. We therefore discarded protein functional categories as a confounding factor.
We classified proteins into structural categories using SCOPe 2.03 (Fox et al. 2014 ). We only considered SCOPe categories that had >50 proteins in both the secreted and nonsecreted classes. Among nonsecreted proteins, all six SCOPe classes exhibited significant negative E-R correlations. Among secreted proteins, only class "a" (all alpha proteins) had a significant negative correlation (supplementary table S7, Supplementary Material online), although the E-R anticorrelation was not significantly different between secreted (q ¼ À0.362, P ¼ 0.001, N ¼ 86) and nonsecreted (q ¼ À0.
In all other investigated categories, nonsecreted proteins showed significantly stronger E-R anticorrelations. We therefore discarded protein structural categories as a potential confounding factor.
Finally, we considered whether proteins' structural robustness to translation errors might differ between secreted and nonsecreted proteins. By protecting secreted proteins from misfolding, a higher robustness of these proteins might potentially account for the weaker E-R anticorrelation observed in this class. However, we did not observe evidence for a higher robustness of secreted proteins. For each human protein with a well-resolved three-dimensional structure, we obtained the median DDG value (median across all possible amino acid changes) from Faure and Koonin (2015) . We found that secreted proteins had significantly higher DDG values (median for secreted proteins: 2.15 kcal/mol, median for nonsecreted proteins: 2.00 kcal/mol; Z ¼ 4.01, P ¼ 0.0001), suggesting lower robustness. It should be noted, however, that DDG values represent incomplete predictions of the effect of amino acid changes on protein structures: highly stable proteins (those with low DG) may remain stable despite highly destabilizing amino acid changes (changes inducing a large DDG), and lowly stable proteins may be destabilized even by changes with slightly positive DDG. Nonetheless, DG values are very hard to predict computationally, and experimentally determined DG values are available for only a handful of proteins (Kumar et al. 2006; Yang et al. 2010) . Therefore, a complete comparison of robustness to translation errors will only be possible once large DG datasets become available. In order to discard DDG as a confounding factor, we divided proteins into two categories according to their median DDG and investigated the E-R anticorrelation within each class. We observed that secreted proteins exhibited a weaker and nonsignificant anticorrelation in both classes (supplementary table S6, Supplementary Material online).
Separate Analysis of Buried and Surface Amino Acid Residues
The trend described here (a nonexistent, or reduced, E-R anticorrelation among secreted proteins) may be due to either (1) the fact that secreted proteins are folded in the presence of folding catalysts and undergo stringent quality control, thus reducing the likelihood and/or the deleterious effects of misfolding, or (2) the fact that these proteins act in the intracellular space, thus reducing the likelihood and/or the deleterious effects of misinteraction (see Discussion). In an attempt to distinguish between both scenarios, we analyzed separately the parts of the CDSs encoding buried amino acid residues and those encoding exposed residues. For each human protein, we used ACCPro, release 5.2 in the software SCRATCH 1-D, release 1.1 (Magnan and Baldi 2014) to predict buried and surface amino acid residues. From each of our human-mouse CDS alignments, we generated two subalignments: one containing the codons encoding buried residues, and another containing the codons encoding exposed residues. A separate x was computed for each subalignment. For both classes of amino acids, the E-R anticorrelation was significantly negative for nonsecreted proteins, and nonsignificantly positive for secreted proteins (buried nonsecreted: q ¼ -0.260, P ¼ 6.50 Â 10 À183 ; buried secreted: q ¼ 0.013, P ¼ 0.556; Z ¼ -11.63, P < 0.0001; exposed nonsecreted: q ¼ -0.259, P ¼ 3.29 Â 10 À181 ; exposed secreted: q ¼ 0.038, P ¼ 0.089; Z ¼ -12.62, P < 0.0001). These results support a scenario in which the reduced E-R anticorrelation may be due to a combination of both effects (strong quality control and extracellular location).
Human Membrane Proteins Partially Defy the E-R Anticorrelation
Similar to secreted proteins, membrane proteins are synthesized in the endoplasmic reticulum and follow the secretory pathway, and end up partially exposed to the extracellular space. Therefore, we investigated whether the E-R anticorrelation was also reduced in membrane proteins. For that purpose, we used the LOCATE database (Sprenger et al. 2008) to classify all human proteins as either secreted (N ¼ 1,627), membrane (N ¼ 3,641) and other proteins (N ¼ 11,355 ). Similar to our observations for secreted proteins ( fig. 1 , sup plementary table S1, Supplementary Material online), the correlation between x and whole-body protein abundance (Wang et al. 2012 ) was weak and nonsignificant among membrane proteins (membrane proteins: q ¼ À0.028, P ¼ 0.119; secreted: q ¼ 0.040, P ¼ 0.126; others: q ¼ À0.294, P ¼ 7 Â 10 À197 ). Using expression data from individual tissues, we found that the rates of evolution of membrane proteins showed significant negative correlations with protein abundance in 3 out of 6 tissues, and with mRNA abundance in 25 out of 32 tissues. Consistent with what is observed in secreted proteins, most of the correlations in individual tissues were weaker for membrane proteins compared with their nonsecreted (28 out of 32 tissues) or cytoplasmic (31 out of 32 tissues) counterparts (supplementary table S4 , Supplementary Material online).
Secreted Proteins Defy the E-R Anticorrelation . doi:10.1093/molbev/msw268 MBE Next, we further classified membrane proteins as either type I (those with the N-terminus on the extracellular space; N ¼ 1,391), type II (with the N-terminal domain in the intracellular space; N ¼ 81), or multi-pass (with two or more transmembrane domains; N ¼ 1,685) membrane proteins. The correlation between x and whole-body protein abundance (Wang et al. 2012 ) was significant only for multi-pass membrane proteins, and in all cases it was substantially weaker than that for cytoplasmic or nonsecreted proteins (type I: q ¼ À0.037, P ¼ 0.164; type II: q ¼ À0.128, P ¼ 0.256; multipass: q ¼ À0.037, P ¼ 0.164) (supplementary table S1, Supplementary Material online). We further investigated the E-R correlation among membrane proteins in individual tissues, using both protein and mRNA expression data. Multipass and type I membrane proteins shared similar characteristics with the secreted protein class analyzed above, having partially positive correlations, and generally higher correlations than either nonsecreted or cytoplasmic proteins (sup plementary table S4, Supplementary Material online).
Secreted Proteins in Other Organisms Also Exhibit a Weaker E-R Anticorrelation
In order to establish whether the trend was universal or specific to certain organisms, we considered whether secreted proteins also exhibited a nonsignificant, or a weaker E-R anticorrelation in other organisms, including C. elegans, D. melanogaster, S. cerevisiae, A. thaliana and E. coli. These organisms differ in their secretory pathways and effective population sizes.
For each C. elegans gene, x was computed from comparison to its most likely ortholog in the C. briggsae genome. Out of the 13,121 genes for which orthologs were identified, 10,677 were classified as nonsecreted and 2012 were classified as secreted. Using whole-organism protein abundance data (Wang et al. 2012) , we found that the E-R anticorrelation was observed in nonsecreted proteins (N ¼ 5,165, q ¼ À0.092, P ¼ 3 Â 10
À11
) but not in secreted proteins (N ¼ 957, q ¼ 0.070, P ¼ 0.030; Z ¼ -4.61, P < 0.0001) (fig. 4 ). This was also observed when we considered branch-specific evolutionary rates for C. elegans, which we estimated using C. japonica as an outgroup (supplementary table S2, Supplementary Material online). Similar results were obtained when genes with signatures of positive selection (as inferred from comparison of five Caenorhabditis genomes) were removed from the analyses (nonsecreted proteins:
However, when positive selection tests are corrected for multiple testing, the correlation among secreted proteins becomes significantly positive, with significant differences between the E-R correlations of secreted and nonsecreted proteins (nonsecreted proteins: N ¼ 4,044, q ¼ À0.094, P ¼ 2. 1 Â 10 À9 ; secreted proteins: N ¼ 670, q ¼ 0.090, P ¼ 0.023; Fisher r-to-z transformation test, Z ¼ À4.42, P < 0.0001). Using mRNA expression data corresponding to 17 developmental stages of C. elegans (Kolesnikov et al. 2015) , we found E-R correlations to be negative in all 17 developmental stages for nonsecreted proteins (significantly in 16), whereas for secreted proteins only 7 developmental stages exhibited negative correlations (none of which were significant) and the remaining 10 developmental stages showed positive correlations (4 significant). In all cases in which negative We computed x ratios for 11,714 pairs of D. melanogaster-D. yakuba orthologs, of which 9,220 were classified as nonsecreted and 2,100 were classified as secreted. Using whole-body protein abundance data, the correlations were significantly negative in both secreted (N ¼ 836, q ¼ À0.143, P ¼ 3.1 Â 10 À5 ) and nonsecreted (N ¼ 4,808, q ¼ À0.300, P ¼ 9.0 Â 10 À101 ) classes (fig. 4) . However, consistent with our observations in human and C. elegans, secreted proteins exhibited a significantly weaker anticorrelation than nonsecreted proteins (Fisher r-to-z transformation test, Z ¼ À4.41, P < 0.0001). This was also observed when using D. melanogaster branch-specific evolutionary rates, which we estimated using D. ananassae as an outgroup (supplementary table S2, Supplementary Material online). Similar results were obtained when genes with signatures of positive selection (as inferred from comparison of 6 Drosophila genomes) were removed from the analyses (nonsecreted proteins: q ¼ À0. 264, P ¼ 6.00 Â 10 À33 ; secreted proteins: q ¼ À0.110, P ¼ 0. 047; Z ¼ À2.25, P ¼ 0.008), and when we corrected positive selection inferences for multiple testing (nonsecreted proteins: q ¼ À0.260, P ¼ 3.35 Â 10 À35 ; secreted proteins: q ¼ À0.101, P ¼ 0.055; Z ¼ -2.86, P ¼ 0.0042). Using wholefly mRNA abundance data, we observed different E-R anticorrelations between secreted and nonsecreted proteins (nonsecreted proteins:
; Z ¼ -8.14, P < 0.0001; fig. 5 ). Using mRNA abundance data for 26 individual fly tissues, we found negative E-R correlations in all tissues for both nonsecreted and secreted proteins (significant in all 26 tissues for nonsecreted proteins, and in 25 tissues for secreted ones). Nonetheless, the E-R anticorrelations were weaker for secreted proteins in 25 of the 26 tissues (supplementary table S9, Supplementary Material online).
For each S. cerevisiae gene, we computed x from comparison to its most likely ortholog in S. paradoxus (N ¼ 5,603). A total of 5,423 genes were classed as nonsecreted and 125 were classed as secreted. Correlations between x and protein abundance (Wang et al. 2012) were significantly negative among both secreted (q ¼ À0.422, P ¼ 1.5 Â 10 À6 , N ¼ 120) and nonsecreted (q ¼ À0.515, P < 10 À300 , N ¼ 5,241) protein classes (fig. 4) . The correlation was weaker, but not significantly weaker, for secreted proteins (Z ¼ À1.28, P ¼ 0.200). This was also observed when using S. cerevisiae lineage-specific rates, which we estimated using S. mikatae as an outgroup (supplementary table S2 Smaller differences between the E-R anticorrelations of secreted and nonsecreted proteins were observed in Arabidopsis. For each A. thaliana gene, we computed the x ratio from comparison with its A. lyrata ortholog (N ¼ 15,472) . A total of 14,393 genes were classed as nonsecreted and 893 were classed as secreted. Negative correlations between protein expression and evolutionary rate were observed in both secreted (N ¼ 636, q ¼ À0.218, P ¼ 2.9 Â 10
À8
) and nonsecreted proteins (N ¼ 11,438, q ¼ À0.295, P ¼ 9 Â 10 À228 ), with a significantly weaker correlation in secreted proteins (Z ¼ 2.02, P ¼ 0.043; fig. 4 ). Similar observations where made when using branch-specific rates of evolution for A. thaliana, which we estimated using Thellungiella parvula as an outgroup (supplementary table S2, Supplementary Material online). These differences, however, were less pronounced when we investigated mRNA expression levels. When we analyzed mRNA expression data for 79 individual A. thaliana expression datasets (Schmid et al. 2005) , the E-R correlation was always significantly negative in all datasets for nonsecreted proteins, and for secreted proteins it was negative in 78 of the datasets (significant in 71). In 68 of the datasets the E-R anticorrelation was weaker among secreted than among nonsecreted proteins (supplementary table S10, Supplementary Material online).
To see whether these general observations also held in bacteria, we calculated evolutionary rates between E. coli and Salmonella enterica pairs of orthologs. E. coli proteins were classified into 6 subcellular locations using the LocTree 3 server (Goldberg et al. 2014 ) (supplementary table S11, Supplementary Material online; fig. 4 ). Using protein abundance data (Wang et al. 2012) , we observed the strongest E-R anticorrelation among cytoplasmic proteins (N ¼ 1,417, q ¼ À0.240, P ¼ 6 Â 10 À20 ), whereas the correlation was nonsignificant for secreted proteins (N ¼ 141, q ¼ À0.164, P ¼ 0.051). The two correlations, however, were not significantly different (Z ¼ À0.89, P ¼ 0.373). This was also observed when we used E. coli-specific evolutionary rates, estimated using Yersinia pestis as an outgroup (supplemen tary table S2, Supplementary Material online). Similar results were obtained using mRNA abundance data (Covert et al. 2004) : the strongest E-R anticorrelation was observed among cytoplasmic proteins (N ¼ 1,398, q ¼ À0.157, P ¼ 3. 6 Â 10 
Discussion
We have found that, among human secreted proteins, the correlation between protein abundances and rates of evolution is nonexistent ( figs. 1 and 2 ). Consistent trends have been observed using expression data (protein and mRNA abundance) of different human tissues/organs ( fig. 3) , and trends are robust to controlling for several potentially confounding factors (supplementary tables S4 and S5, Supplementary Material online).
Following the translational robustness hypothesis (Drummond et al. 2005; Wilke and Drummond 2006; Drummond and Wilke 2008) and the more general protein misfolding avoidance hypothesis , the strength of the E-R anticorrelation should be directly related to the fitness costs of misfolding (re-folding, degradation, resynthesis, and in extreme cases cytotoxic aggregation; Drummond and Wilke 2009; Geiler-Samerotte et al. 2011) . (It should be noted, nonetheless, that protein aggregation can be reversible in some cases; Wallace et al. 2015 .) At least two lines of evidence suggest that the E-R anticorrelation is indeed a result of these costs. First, evolutionary simulations in which misfolding costs are removed result in no E-R anticorrelation (Drummond and Wilke 2008) . Second, the E-R anticorrelation is particularly strong in neural tissues, which has been attributed to these tissues being less capable of dealing with misfolding (Drummond and Wilke 2008) . According to the protein misinteraction avoidance hypothesis (Levy et al. 2012; Yang et al. 2012) , the strength of the E-R anticorrelation should directly depend on the fitness costs of misinteraction. Indeed, computer simulations in which these costs are suppressed result in no E-R anticorrelation (Yang et al. 2012) .
Therefore, the lack of an E-R anticorrelation among secreted proteins described here may be the result of either reduced rates of misfolding or misinteraction, or reduced fitness costs of misfolding or misinteraction affecting secreted proteins. In other words, our observations are compatible with a scenario in which considering two hypothetical identical proteins, one being secreted and another not being secreted, the one that is secreted either: (1) is less likely to misfold; (2) is less likely to misinteract; (3) if it misfolds, misfolding entails lower fitness costs; or (4) if it misinteracts, misinteraction entails lower fitness costs. All of these possibilities seem plausible. First, newly synthesized secreted proteins fold in the presence of chaperones and folding catalysts, and are subject to quality control of folding and maturation. For instance, the highly abundant endoplasmic reticulum chaperone BiP (also known as GRP78 and Kar2) binds to the majority of proteins that traverse the endoplasmic reticulum (Braakman and Hebert 2013) . This chaperone not only protects newly translocated and misfolded proteins from aggregation and assists their folding, but it is also required for the protein translocation process itself. BiP deletion leads to very early embryonic lethality, consistent with its multiple functions and variety of known client proteins (Anelli and Sitia 2008) . In addition, a number of observations suggest that secreted proteins may be less prone to translation errors. Our analyses indicate that secreted proteins tend to be encoded by a higher fraction of optimal codons and by more stable mRNAs, and tend to be shorter than nonsecreted proteins (median length of secreted proteins: 411; median length of nonsecreted proteins: 456; Z ¼ À7.98; P ¼ 1.0 Â 10
À15
). Optimal codons are more likely to be translated accurately Feyertag et al. . doi:10.1093/molbev/msw268 MBE (Akashi 1994; Stoletzki and Eyre-Walker 2007; Hershberg and Petrov 2008) . Stable mRNAs reduce the speed of translation, also reducing translation errors (Yang et al. 2014) . Assuming a constant likelihood of mistranslation per translated codon (e.g., $5 misincorporated amino acids per 10,000 translated codons; Parker 1989; Drummond and Wilke 2009), short proteins are less likely to accumulate translation errors than long ones. In addition, many secreted proteins exhibit disulfide bonds (Sevier and Kaiser 2002) and/or N-linked glycosylation (Xu and Ng 2015) . By increasing protein stability, disulfide bonds may reduce the destabilizing effects of translation errors, and N-linked glycans provide structural information to instruct folding and to enable a rigorous quality control of glycoprotein folding (Xu and Ng 2015) . Nonetheless, when we classified genes into different classes of codon bias, mRNA stability, or length, or when proteins with disulfide bonds or N-linked glycosylation were removed from our analyses, the E-R anticorrelation was always lower among secreted proteins than among nonsecreted ones (supplementary table S5, Supplementary Material online), indicating that these factors alone are not responsible for the lack of an E-R anticorrelation among secreted proteins. Second, secreted proteins are released to the extracellular space. This space may often exhibit a lower concentration and diversity of proteins-particularly signaling proteins-than the intracellular environment (Yerbury et al. 2005) , which is expected to reduce the likelihood of misinteraction. In fact, secreted proteins seem to have, on average, a lower number of proteinprotein interactions than nonsecreted ones (Kim et al. 2007 ). Third, secreted proteins are synthesized and folded in the endoplasmic reticulum, where, in addition to chaperones that facilitate folding, the UPR may reduce the costs of misfolding by efficiently dealing with misfolded proteins (Walter and Ron 2011) . Fourth, misinteraction in the extracellular space may in general have less deleterious effects than misinteraction in the crowded intracellular environment. Separate analysis of buried amino acid residues (whose rate of evolution may be largely explained by the protein misfolding avoidance hypothesis) and exposed residues (whose rate of evolution may be mostly explained by the misinteraction avoidance hypothesis), shows that the E-R anticorrelation among secreted proteins is nonsignificant in both classes, thus suggesting that the applicability of both hypotheses is reduced for this class of proteins.
Interestingly, membrane proteins exhibit a weak E-R anticorrelation (supplementary table S1, Supplementary Material online), but not as weak as that of secreted proteins. On the one hand, membrane proteins follow the secretory pathway and part of their residues end up exposed to the extracellular space. On the other hand, they have domains on both the cytosolic and lumenal faces of the endoplasmic reticulum membrane, and their folding status must be monitored by the coordinated action of quality control systems of both compartments, thus posing particular problems to the quality control of folding (Houck and Cyr 2012) . Several proteins have been implicated in monitoring the assembly of transmembrane domains and in facilitating their degradation by autophagy (Houck and Cyr 2012) . Finally, membrane proteins exported from the endoplasmic reticulum are subject to peripheral quality control along the late secretory pathway and at the plasma membrane (Okiyoneda et al. 2011) .
Similar to what is observed in humans, a lack of an E-R anticorrelation is also observed among the secreted proteins of C. elegans and E. coli, and a very reduced (but significant) anticorrelation was observed among the secreted proteins of D. melanogaster (figs. 4 and 5). Smaller differences were observed among the secreted and nonsecreted proteins of S. cerevisiae and A. thaliana (figs. 4 and 5). Although several aspects of the endoplasmic reticulum quality control and UPR are conserved among eukaryotes, the mechanisms to cope with accumulation of misfolded proteins vary among yeasts, metazoans and plants, which may explain, at least in part, the differences that we observed between the studied organisms. Metazoans have evolved complex mechanisms to respond to accumulation of misfolded proteins, deployed by activation of three endoplasmic reticulum stress sensors (IRE1, ATF6, and PERK). In contrast, fungi rely on IRE1 as the single endoplasmic reticulum stress sensor. Harding et al. (2002) proposed that the complexity of intercellular communications in metazoans and the evolution of longlived differentiated cells imposed a need to respond to rapid fluctuations in protein load and the challenge of dealing with accumulation of potentially cytotoxic misfolded proteins that may accumulate over time. Furthermore, the fitness cost of accumulating misfolded proteins may be reduced by partitioning them into daughter cells in rapidly dividing unicellular eukaryotes (Babour et al. 2010) . In plants, no functional ortholog of the gene encoding PERK has been identified, but a component of the G protein complex AGB1 acts as an endoplasmic reticulum stress sensor (Ruberti and Brandizzi 2014) . In addition, in A. thaliana part of the E-R anticorrelation is explained by exon edge conservation, rather than by translational selection or misinteraction avoidance (Bush et al. 2015) . Escherichia coli secreted proteins are folded and assembled in the periplasm under quality control afforded by chaperones, protein folding catalysts, and proteases (Miot and Betton 2004) . In addition, unicellular organisms often live in very protein-poor environments (or at least environments with a low concentration of their own proteins), which may minimize the likelihood and the harmful effects of misinteraction.
We considered the possibility that the lack of an E-R anticorrelation (or a reduction thereof) in secreted proteins could be due to a high incidence of positive selection among highly expressed secreted proteins. Indeed, genes encoding secreted proteins with signatures of positive selection are more highly expressed than genes encoding secreted proteins with no signatures of positive selection (median protein abundances: 0.67 and 0.49, respectively, Z ¼ 2.4; P ¼ 0.01). This could potentially reduce the, or even result in a positive, E-R anticorrelation. However, when we removed genes with positive selection from our analyses, the E-R anticorrelation was still nonexistent (or significantly reduced, depending on the species) among secreted proteins. It should be noted, however, that positive selection is not always detectable; nonetheless, the number of species used in our scan of Secreted Proteins Defy the E-R Anticorrelation . doi:10.1093/molbev/msw268 MBE positive selection (10 mammalian species) should guarantee an acceptable statistical power (e.g., Anisimova et al. 2001) .
According to the mRNA folding requirement hypothesis (Park et al. 2013) , the lack of an E-R anticorrelation among secreted proteins may also be the result of a reduced correlation between expression level and mRNA stability among secreted proteins. However, we found that the correlation between mRNA abundance (averaged across the 32 human tissues) and predicted mRNA stability was nonsignificant among either secreted (q ¼ 0.009, P ¼ 0.677) and nonsecreted (q ¼ 0.007, P ¼ 0.450) proteins. In addition, the partial correlation between the MFE and mRNA abundance controlling for the length of the coding regions is indistinguishable between secreted and nonsecreted proteins (secreted:
; Z ¼ À0.35, P ¼ 0.726). Finally, when we classified genes into three categories according to either their mRNA stability or MFE, the E-R anticorrelation was always significantly less negative among secreted proteins than among nonsecreted proteins (supplementary table S5, Supplementary Material online), allowing us to discard folding requirements as the driving factor behind our observations.
Materials and Methods
Secreted Proteins Datasets
Secretion data used throughout most of this work was obtained from MetazSecKB (Meinken et al. 2015 ) (for human, D. melanogaster and C. elegans), FunSecKB2 (Lum and Min 2011) (for S. cerevisiae) and PlantSecKB (Lum et al. 2014 ) (for A. thaliana). In this family of databases, proteins are classified as secreted either by manual curation or by computational prediction. Proteins predicted to be secreted are further classified into "highly likely" or "likely" secreted. We deemed proteins as secreted if they were either curated as secreted or in the "highly likely" predicted category. Proteins were classified as nonsecreted if they were neither classified as "curated", "highly likely", or "likely" secreted. For humans, additional secretion data were obtained from the LOCATE (Sprenger et al. 2008) , SPD (Chen et al. 2005) , and UniProt (UniProt 2015) databases, to verify consistency among different databases. Because secretion data for bacteria were not available in any of the databases used for the other species, we obtained a list of E. coli secreted proteins from the LocTree 3 server (Goldberg et al. 2014 ).
Protein and mRNA Abundance Data
Protein abundance data for all species were obtained from the PaxDB database v3.0 (Wang et al. 2012) . The whole organism integrated datasets, which include collated data from numerous proteomics studies, were used. For human, additional integrated datasets were obtained from the same database for brain, heart, liver, lung, plasma, and platelet.
For each human gene, mRNA abundance data for 32 different tissues/organs, measured by RNA sequencing experiments, was obtained from HumanAtlas (Uhlen et al. 2015) .
Only genes with an FPKM value of 1 or higher were included in the analysis for each individual tissue. Messenger RNA abundance data for D. melanogaster and C. elegans was obtained from FlyBase (Attrill et al. 2016 ) and the modENCODE base experiments from the EBI Expression Atlas (accession number E-MTAB-2812) (Petryszak et al. 2015) , respectively. For D. melanogaster we discarded a minority of values which could not be mapped to a single gene. Saccharomyces cerevisiae gene expression data were obtained from Nagalakshmi et al. (2008) . Seventy-nine datasets corresponding to different A. thaliana tissues, developmental stages and conditions were obtained from Schmid et al. (2005) and processed as in Alvarez-Ponce and Fares (2012) . Escherichia coli expression data were obtained from Covert et al. (2004) . For each gene, mRNA abundances were averaged across three biological replicates.
Evolutionary Rate Estimation
All human protein and coding (CDS) sequences were obtained from the Ensembl database, release 62 (Cunningham et al. 2015) . For each gene, the longest encoded protein was selected for analysis. Human-mouse pairs of orthologs were identified using a Reciprocal Best Hits approach. Each human protein sequence was used as query in a BLASTP search against the mouse proteome (with an E-value cut-off of 10
À10
). The best hit was used as query in a second search against the human proteome (using the same E-value cutoff). If the best hit identified in the second search was the original human protein, then the encoding human and mouse genes were considered as orthologs. Human genes for which mouse orthologs could not be detected were excluded from our analyses. For each pair of orthologs, the protein sequences were aligned using ProbCons 1.12 (Do et al. 2005) , and the resulting alignment was used to guide the alignment of the CDS sequences using in-house software. For each of the resulting alignments, we estimated the nonsynonymous to synonymous divergence ratio (x ¼ d N / d S ) using the M0 model implemented in the codeml program from the PAML package, version 4.4 (Yang 2007) . The same methods were used to identify and analyze pairs of D. melanogaster-D. yakuba, C. elegans-C. briggsae, S. cerevisiae-S. paradoxus, A. thaliana-A. lyrata, and E. coli (strain K-12, substrain MG1655)-S. enterica enterica (serovar Typhimurium strain LT2) orthologs.
We also calculated lineage-specific x ratios (specific to human, D. melanogaster, C. elegans, S. cerevisiae, A. thaliana and E. coli). For that purpose, we added outgroup species to our alignments (respectively, cow, D. ananassae, C. japonica, S. mikatae, T. parvula and Y. pestis subsp. pestis) and used the free-ratios model of codeml to estimate a separate x for each branch.
Positive Selection Analyses
For each human gene, we identified orthologs in nine mammalian genomes (chimpanzee, gorilla, orangutan, macaque, mouse, rat, cow, dog, and opossum) using the best reciprocal hit approach described above. These genomes were chosen because the currently available assemblies have a particularly high coverage. We did not include more distant species in our analyses in order to avoid saturation of synonymous sites. We Feyertag et al. . doi:10.1093/molbev/msw268 MBE could identify orthologs in all 9 species for 10,702 human genes. Protein sequences were aligned using ProbCons 1.12 (Do et al. 2005) . Because genome annotations contain a substantial amount of errors (Devos and Valencia 2001; AlvarezPonce et al. 2011; Tu et al. 2012) , and positive selection detection methods are very sensitive to such errors (Schneider et al. 2009; Fletcher and Yang 2010; Markova-Raina and Petrov 2011; Jordan and Goldman 2012) , we filtered our alignments using two methods: Gblocks (Castresana 2000) with default parameters, and a sliding window approach. Our sliding window approach identified and removed (1) alignment regions of 15 amino acids in which one of the sequences contained 10 or more amino acids that were unique to that species (singleton nonsynonymous mutations) and (2) regions of 5 amino acids in which one of the sequences contained 5 amino acids unique to that species. The protein alignments, the results of the two filtering techniques, and the CDS sequences were used to generate filtered CDS alignments. Each of the resulting alignments were used in a M7 vs. M8 test of positive selection (Yang 2000) using the codeml program from the PAML package (Yang 2007) . This test allows detecting the presence of a class of codons with x > 1. All PAML computations were repeated three times, using different starting x values (x ¼ 0.04, 0.4, and 4), in order to alleviate the problem of local optima. We considered genes with a P-value lower than 0.05 to be positively selected. We repeated our analyses after controlling our tests of positive selection for multiple testing using a false discovery rate of q < 0.1 (Benjamini and Hochberg 1995) .
The fraction of removed residues was slightly higher for secreted than for nonsecreted proteins, consistent with their higher rates of evolution (median for secreted proteins: 33.47%, median for nonsecreted proteins: 31.24%, Z ¼ 2.63, P ¼ 0.0085). In order to discard this as a confounding factor, we evaluated the E-R anticorrelation among: (1) secreted proteins with a 10-species alignment available and (2) a group of nonsecreted proteins with a nearly identical distribution of fraction of filtered residues in the 10-species alignment. For each secreted protein, a nonsecreted protein with an identical or very similar percent of filtered residues was randomly chosen (either the one immediately up in the ranking, or that immediately down). Again, a negative E-R correlation was observed for nonsecreted proteins (q ¼ À0.252, P ¼ 2.32 Â 10 À19 ), but not for secreted ones (q ¼ À0.081, P ¼ 0.004; Z ¼ -8.44, P < 0.0001).
The same methods were used to detect positive selection in six Drosophila species (D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta, and D. ananassae), five Caenorhabditis species (C. elegans, C. brenneri, C. remanei, C. briggsae, and C. japonica), and five Saccharomyces species (S. cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, and S. bayanus).
Additional Gene Information
For each human gene, the CAI (Sharp and Li 1987) was computed using the cai program in the EMBOSS package (Rice et al. 2000) . The frequency of optimal codons (F op ; Ikemura 1981) in humans was calculated using the codon frequencies recorded in the Codon Usage Database (Nakamura et al. 2000) . Genes were deemed as duplicated if Ensembl's BioMart contained annotated paralogs, and as singleton otherwise. For each human gene, we estimated its mRNA folding strength using RNAfold in the ViennaRNA 2.1.9 package (Lorenz et al. 2011 ) at a temperature of 30 C. A sliding window with a length of 150 and a step size of 10 nucleotides was used to calculate the average number of bonds in the mRNA secondary structure, similar to the approach used by Park et al. (2013) . We also calculated the MFE over the entire sequence using the same package. Genes were classified into 24 different functional categories using the euKaryotic Orthologous Groups (KOG) classification defined in EggNOG version 4.5 (Huerta-Cepas et al. 2016) . Proteins that were assigned to more than one category were omitted in functional category analyses. A list of proteins with disulfide bonds was derived from UniProt (UniProt 2015), and a list of proteins with N-linked glycosylation was obtained from the Unipep database ).
Statistical Analyses
Nonparametric statistical analyses, including Wilcoxon tests and Spearman rank correlation tests, were conducted using R (http://www.r-project.org) and JMP (SAS Institute, Inc., NC, USA). Correlation coefficients were compared using Fisher rto-z transformation tests (Myers and Sirois 2004) .
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
